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Introduction
Proteases play a variety of roles in many physiological processes, such as complement activation and hormone processing ( 1, 2) . The latter process may, in the case of some hormones, be required to generate the active hormone molecule. For example, the conversion of the inactive proinsulin to the active mature insulin requires the function of several specific proteases (3) . In addition, the proteolytic cleavage of most hormones is required to terminate the response ofa cell to a particular hormone. Unlike receptors, which are usually specific for a single hormone molecule, proteases often cleave multiple different molecules and several proteases can often cleave the same substrate. For example, neutral endopeptidase (or enkephalinase) has been reported to proteolyze > 24 different hormones (4) . Thus, it is often difficult to attribute to a specific protease a role in the termination ofa cell's response to a particular hormone.
Insulin degradation has been extensively studied in many different cell types and tissues (5) . After binding to its specific receptor, insulin is internalized and degraded. The exact site and mechanism of this degradation are still not completely understood. One enzyme that has been proposed to play a role in this degradation process is called insulin-degrading enzyme (IDE) .' This enzyme has been implicated in the degradation process by the following lines of evidence. (a) Mice with elevated levels of the enzyme in the liver were more resistant to elevated levels of insulin than control mice (6); (b) inhibitors of the enzyme in vitro also inhibit insulin degradation in intact cells (7, 8) ; (c) the in vitro cleavage products of insulin by IDE are in good agreement with the degradation products of insulin observed in intact cells (5, 9-1 1 ); (d) microinjection of antibodies to IDE into intact cells partially inhibited the degradation of insulin by these cells ( 12) ; (e) IDE can be crosslinked to insulin in intact cells ( 13) ; and (f) overexpression of IDE has been found to increase the rate of insulin degradation by cells ( 14) .
However, IDE may also have other roles. In addition to insulin, IDE readily degrades IGF-II and to a lesser extent IGF-I ( 15-17 ), glucagon ( 18) , TGF-a ( 19), oxidatively damaged hemoglobin (20) , and atrial natriuretic factor (2 1 ). To further elucidate the possible functions of this enzyme and to evaluate its anatomical correlation with sites of insulin and IGF action and presumably also hydrolysis, this study was undertaken to localize the mRNAs encoding IDE, insulin, and IGF-I receptors (IGF) in serial sections by in situ hybridization. Prior studies have analyzed the levels of IDE protein by enzyme assays (22) , crosslinking with labeled insulin (23), radioimmunoassays (24) , and immunocytochemical localization (25) . The localization of IDE mRNA has previously been investigated by Northern blot analyses and by ribonuclease protection assay (25, 26) . These studies have shown that IDE is expressed in multiple tissues. However, all of these approaches have the disadvantage that only selected tissues were examined and that cellular localization and distribution with respect to insulin and IGF receptor expression remained unknown.
Methods
Tissue. Sprague-Dawley rats were obtained from Taconic Farms (Germantown, NY) and were used in a protocol approved by the NICHD Animal Use Committee. Most tissues were obtained from adult male rats ( -300 g) but timed-pregnant females were obtained for the evaluation of embryos at embryonic day 20 (E20). Ovaries were also obtained from the dams and from juvenile females. Rats (27) and insulin receptor (IR) (28) probes were generated from constructs that have been described previously. The rat IDE probe was obtained by screening a rat kidney library (a gift of Dr. W. Rutter, University of California, San Francisco) with the human IDE cDNA (29) . A positive clone containing 1.2 kb of the rat IDE cDNA (corresponding to nucleotides 400-1600 of human IDE cDNA) was identified. The sequence of approximately half of this clone was determined and it was found to be identical to that recently reported (26) . In Northern analyses, this cDNA only hybridized to the mRNA corresponding to IDE. The EcoRI fragment from this rat cDNA was inserted into Bluescript such that linearization with BamHI and use of T3 RNA polymerase yielded antisense transcription. The synthesis of 35S-labeled cRNA probes and in situ hybridization protocol has been previously described (27, 28) . In brief, high specific activity, double-labeled cRNA probes were synthesized in 10-gl reactions containing 100 MCi 35S-CTP and 100 AGCi "S-UTP, 10 mM NaCl, 6 mM MgCl2, 40 mM Tris (pH 7.5), 2 mM spermidine, 10 mM DTT, 500 ,M each unlabeled ATP and GTP, 25 MM each unlabeled UTP and CTP, 500 ng linearized template, 15 U ofthe appropriate polymerase, and 15 U RNasin (enzymes and other molecular biology reagents were obtained from Promega Biotec, Madison, WI). The reaction was incubated at 42°C for 60 min, after which the DNA template was removed by digestion with DNase I. Average specific activity ofprobes generated in this protocol was 2-3 x 10' dpm/Mg. Before hybridization, sections were warmed to 25°C, fixed in 4% formaldehyde, and soaked for 10 min in 0.25% acetic anhydride, 0.1 M triethanolamine hydrochloride, 0.9% NaCl. Tissue was dehydrated through an ethanol series, delipidated in chloroform, rehydrated, and air dried. "S-labeled probes were added to hybridization buffer ( I07 cpm/ml) composed of 50% formamide, 0.3 M NaCl, 20 mM Tris HCI, pH 8, 5 mM EDTA, 500 Mg tRNA/ml, 10% dextran sulfate, 10 mM dithiothreitol, and 0.02% each of BSA, ficoll, and polyvinylpyrollidone. Hybridization buffer was added to slides that were coverslipped and placed in humidified chambers overnight ( 14 h) at 55°C. Slides were washed several times in 4x SSC to remove cover slips and hybridization buffer, dehydrated, and immersed in 0.3 M NaCl, 50% formamide, 20 mM Tris HCl, 1 mM EDTA at 60°C for 15 min. Sections were then treated with RNase A (20 Mg/ml) for 30 min at 37°C, passed through graded salt solutions, followed by a 15-min wash in 0.1 X SSC at 50°C. Slides were air dried and apposed to Hyperfilm-beta Max (Amersham Corp., Arlington Heights, IL) and then dipped in Kodak NTB2 nuclear emulsion, stored with desiccant at 4°C for 5-20 d, developed, and stained with hematoxylin and eosin for microscopic evaluation.
Results
Hybridization of sagittal sections through entire rat embryos (E20, just -1 d before birth) was used to provide an overview or global perspective ofIDE compared with IR and IGFR gene expression (Fig. 1) . It is clear from this point of view that all three transcripts are widely distributed, and that there are virtually no tissues in which either the IR or IGFR and IDE are not represented. There are some significant differences in tissue distribution between IR and IGFR. IR mRNA is highly abundant in liver and fat whereas IGFR is minimally detected in these tissues and is more abundant in the musculoskeletal system; both receptor mRNAs are quite abundant in the nervous system and bowel. IDE mRNA is, like IR mRNA, highly concentrated in hepatic and adipose tissue, particularly brown fat (Figs. 1 B and 2 ). It is, however, widely expressed in other tissues as well, where IR and/or IGFR mRNAs are also localized.
IR, IDE, and IGFR mRNAs are all highly abundant in the fetal adrenal and kidney (Fig. 1) Figure 2 . IDE mRNA is concentrated in brown fat (bf ). Bright-and dark-field illuminated micrographs of the shoulder girdle region shown in the film autoradiographs in Fig. 1 . m, muscle. Bar = 50 ,.
main elevated in the adult adrenal (Fig. 3, A-C 
. IDE tracks IGFR gene expression in the kidney (A-C) and ovary (D-F). Sequential sections were hybridized to RNA probes for IR (A and D) IDE (B and E)
, and IGFR (C and F) and hybridization patterns are shown in film autoradiographs. ad, adrenal; cl, corpus luteum;f, fat; im, inner medulla; om, outer medulla; pe, pelvic epithelium.
tory and luteinized follicles. Most strikingly, IDE mRNA is highly abundant in oocytes (Fig. 4) , as we have previously shown for IGFR, in both rodent and human ovaries (30, 31 ) . Of all tissues examined, IDE mRNA is most abundant in the mature testis, where film exposure ofjust several hours was sufficient to obtain the signal shown in Fig. 5 D. Little IR mRNA is detected in the testis (except for the epididymis), while IGFR mRNA is moderately abundant here (Fig. 5, A (Fig. 5, E-I Figure 4 . IDE mRNA is extremely abundant in oocytes. (A and B) Low-magnification, paired bright-and dark-field micrographs from an adult rat ovary; and (C and D) high-magnification micrograph of making a pattern that is the negative image of IDE hybridization, while IR mRNA is detected primarily in Leydig cells. The IGF-I and insulin receptor hybridized sections were subjected to a prolonged (6-wk) exposure that resulted in an increase in background signal (see grains in tubule lumen where no cells are present) but no evidence of specific hybridization to cells within the tubules. Because ofthis mismatch (i.e., the failure to detect IGF-I or insulin receptor in a site ofIDE expression), we evaluated the rat testis for IGF-II and IGF-II receptor mRNAs and found that both are localized in the germinal epithelium (Fig. 6) . Our previous studies have shown that this IGF-II probe does not cross-hybridize to IGF-I mRNA (27) .
Discussion
In agreement with prior biochemical and molecular studies (22) (23) (24) (25) (26) , this work has shown by in situ hybridization that IDE gene expression is very widespread and is detected in most tissues in both the perinatal and adult rat. Likewise, the expression of either IR or IGFR is virtually universal in rat tissues, consistent with the fundamental role ofthese hormones in cellular metabolism and growth. The current data are consistent with the proposed role for IDE in the degradation of insulin (5). The enzyme was found to be particularly high in kidney and liver, tissues with a documented role in insulin degradation (5) . In some tissues, such as the liver and brown fat, IDE parallels IR disposition very closely, whereas in other sites, such as the kidney and ovary, there is a closer correlation between IDE expression and the IGFR. Since the latter receptor binds both IGF-I and -II with high affinity (32) , this correlation is consistent with the known ability of this enzyme to degrade IGF-II (15) (16) (17) .
There is an interesting situation in the testis, where the only case of a mismatch between cellular localization of IDE and IR/IGFR expression was found. In agreement with two recent reports that used Northern blot analyses and RNase protection assays (25, 26) , we find that IDE mRNA is particularly abundant in the testis. Furthermore, we have shown that IDE mRNA is expressed by the germinal epithelium. The localization of IDE mRNA in germinal epithelium diverged from that of the IR and IGFR since these mRNAs were segregated into the extratubular, interstitial compartment of the testis. This was surprising because IGFR transcripts are plentiful in human germinal epithelium (33) . Since in the human IGF-II receptor transcripts are also abundantly expressed in spermatogenic epithelium (33), we investigated IGF-II and IGF-II receptor gene expression in the rat testis and found that both transcripts were localized in germinal epithelium, consistent with a role for IDE in IGF-II degradation. A previous study reported that the IGF-II (cation-independent mannose-6-phosphate) receptor is synthesized in cultured murine spermatocytes, although it appears more abundant in cultured immature Sertoli cells (34 Figure 6 . IGF-II and IGF-I1 receptor mRNAs in the rat testis. These micrographs show sequential sections to those shown in Fig. 5 .
IGFR mRNA is localized in rat and human oocytes, where it is perhaps more abundant on a per cell basis than in any other cell type, (30, 31 ) and is also expressed in human spermatocytes (33) . In the human ovary, IGF-II mRNA is localized in oocytes themselves and in granulosa cells that form the follicle supporting oocyte development, providing evidence for potential autocrine and paracrine sources ofligand for the IGFR (30, 31) . In two recent studies, the IDE mRNAs observed in rat testis by Northern analyses were slightly larger than in other tissues (25, 26) , suggesting that this mRNA might encode a distinct isoenzyme of IDE preferentially expressed in germ cells. This finding, coupled with the extraordinary abundance of IDE transcripts in germ cells, which seems somewhat out of proportion to the level of receptor expression when compared with their relative expression levels in other cell types, raises the possibility that IDE may have an alternate function in germ cells. For example, metallo-endoproteases have been implicated in sperm-egg fusion (35) . In summary, IDE and the receptors for the insulin/IGF family of hormones share a common distribution, supporting the possibility that IDE plays a physiological role in the degradation of insulin and IGFs. IDE also has proteolytic activity against glucagon, atrial natriuretic factor, and TGFa (18) (19) (20) (21) . In general, however, these factors each display a narrower spectrum of action and receptor distribution than the insulin/IGF family, so the present data showing the widespread distribution of IDE mRNA do not support any selective association between IDE and these other peptides. The possibility must also be considered that IDE has a fundamental role in cellular physiology, which is virtually universal but not specifically related to degradation of insulin or IGF peptides.
